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-Cyclic AMP signals encode information required to differentially regulate a wide variety of cellular responses; yet it is not well understood how information is encrypted within these signals. An emerging concept is that compartmentalization underlies specificity within the cAMP signaling pathway. This concept is based on a series of observations indicating that cAMP levels are distinct in different regions of the cell. One such observation is that cAMP production at the plasma membrane increases pulmonary microvascular endothelial barrier integrity, whereas cAMP production in the cytosol disrupts barrier integrity. To better understand how cAMP signals might be compartmentalized, we have developed mathematical models in which cellular geometry as well as total adenylyl cyclase and phosphodiesterase activities were constrained to approximate values measured in pulmonary microvascular endothelial cells. These simulations suggest that the subcellular localizations of adenylyl cyclase and phosphodiesterase activities are by themselves insufficient to generate physiologically relevant cAMP gradients. Thus, the assembly of adenylyl cyclase, phosphodiesterase, and protein kinase A onto protein scaffolds is by itself unlikely to ensure signal specificity. Rather, our simulations suggest that reductions in the effective cAMP diffusion coefficient may facilitate the formation of substantial cAMP gradients. We conclude that reductions in the effective rate of cAMP diffusion due to buffers, structural impediments, and local changes in viscosity greatly facilitate the ability of signaling complexes to impart specificity within the cAMP signaling pathway.
G protein-coupled receptors; adenylyl cyclase; phosphodiesterase; protein kinase A; A kinase anchoring protein CYCLIC AMP is a ubiquitous second messenger that transmits information required to coordinate a wide range of cellular functions. The mechanisms by which cAMP transmits this information while ensuring signal specificity have been the subject of debate for several decades. One idea that has gained favor in recent years is that cAMP signals are localizedcompartmentalized-to discrete locations within the cell (11, 18, 36) . In essence, cAMP compartmentalization implies that cAMP levels in one region of the cell are high enough to activate local pools of effectors, including protein kinase A (PKA), exchange protein activated by cAMP (EPAC), and PKG, while cAMP levels in the remainder of the cell are too low to significantly activate other pools of PKA. Evidence strongly supporting the concept of compartmentalization came from a variety of studies using newly developed, single-cell cAMP probes (51, 61, 66, 67, 70, 86, 89) . In essence, each of these studies provided data indicating that cAMP levels were indeed high in one region of the cell and low in other regions of the cell. To interpret these data, investigators developed mathematical descriptions of these cellular systems. Initially, simple compartmental models were used to describe the observed differences in cAMP levels in distinct subcellular locations (66, 67) . These models assumed that cAMP levels rapidly equilibrated within discrete subcellular compartments, but that flux of cAMP between compartments was severely hindered. Compartmental models clearly described the observed localized cAMP signals and had predictive capabilities (61, 67) . Models that included more detailed descriptions of cAMP signaling pathways in cardiac myocytes were developed (72, 73) . These models required that the spatial spread of cAMP signals be slowed by buffering and restriction on diffusion. As such, these studies outlined quantitative frameworks with which we could begin to understand the flux of information through the cAMP pathway. 1 More recently, two studies used elegant mathematical modeling approaches to describe the spatial spread of cAMP signals in different cellular systems (54, 56) . Interestingly, both groups reached the conclusion that hindered diffusion is not required for the localization of cAMP signals. An underlying assumption in each of these studies was that the concentrations of adenylyl cyclase (AC) and phosphodiesterase (PDE) were two or more orders of magnitude higher than would be expected in most cell types. This highlights an overall limitation in the studies described above, i.e., the difficulty in estimating values of key parameters such as the subcellular localizations and activities of enzymes.
The goal of our study was to better understand how altering the subcellular locations and magnitudes of AC and PDE activities, cellular shape, buffering, and other factors that lower the effective cAMP diffusion coefficient influence the spatial spread of cAMP. We have chosen to use pulmonary microvascular endothelial cells (PMVECs) as a model system because data strongly suggest that the location of cAMP synthesis is a critical determinant of whether cAMP signals strengthen or disrupt endothelial barrier integrity (76, 77, 82) . Specifically, these studies demonstrated that cAMP produced at the plasma membrane enhances endothelial barrier integrity whereas cAMP produced within the cytosol disrupts barrier integrity. Of particular relevance is a study in which Sayner et al. (76) demonstrated that cAMP produced by a heterologously expressed, forskolin-activatable, soluble AC construct (soluble CI/CII) triggered barrier disruption; however, when this construct was redirected to the plasma membrane, cAMP production did not disrupt the barrier (76) .
We have developed mathematical models describing the spatial spread of cAMP signals in PMVECs using the "Virtual Cell" modeling environment (http://www.vcell.org). The models described here incorporate a realistic geometry of cultured PMVECs. Other geometries were examined to better understand how cell shape contributes to cAMP gradients. In most simulations, AC and PDE activities were limited to physiological levels by constraining the simulated rates of cAMP accumulation to match experimental measurements of total cAMP accumulation in the presence and absence of PDE inhibitors. The effects of altering the spatial distribution of AC and PDE activities, as well as the effects of altering cAMP buffering capacity and the effective cAMP diffusion coefficient were examined. The results from these simulations indicate that no single factor (e.g., the subcellular localization of AC or PDE activities, buffering, effective cAMP diffusion coefficient) is primarily responsible for localizing cAMP signals. Specifically, in cultured PMVECs, neither the subcellular localization of AC and PDE activities nor cell shape was sufficient to compartmentalize cAMP signals. Thus, other factors that slow the spatial spread of cAMP signals are likely to contribute to compartmentalization in PMVECs. These factors may include cAMP buffering, structural impediments to cAMP movement such as organelles, clustered proteins, cytoskeletal networks, and the F-actin cortical rim, and local changes in cytosolic viscosity.
MATERIALS AND METHODS
Cell culture. Rat PMVECs were isolated as described previously (81) by the cell culture core of the Center for Lung Biology at the University of South Alabama. Procedures involving animals were approved by the Institutional Animal Care and Use Committee of the University of South Alabama. PMVECs were maintained in Dulbecco's modified Eagle's medium (DMEM, Life Technologies) supplemented with 10% vol/vol fetal bovine serum (Gemini), 100 g/ml streptomycin, and 100 U/ml penicillin, pH 7.0. Cells were grown in 100-mm culture dishes at 37°C in a humidified atmosphere of 95% air-5% CO 2. Measurement of cAMP. Cyclic AMP levels were assessed by standard radioimmunoassay (Biomedical Technologies, Stoughton, MA). Briefly, experiments were performed on confluent monolayers of PMVECs grown in six-well dishes. The cells were serum starved in DMEM supplemented with 1% vol/vol fetal bovine serum, 100 g/ml streptomycin, and 100 U/ml penicillin, pH 7.0 for 12-14 h before experiments. The cells were treated with vehicle (DMSO) or 10 M rolipram (a PDE4-specific inhibitor) for 10 min before treatment with vehicle or 10 M forskolin (an AC activator) for 0 to 50 min as indicated. Reactions were stopped by the addition of HCl (1 N final concentration) and neutralized with NaOH. cAMP content was estimated from standard curves and normalized to both protein level (BCA assay, Pierce) and total cell volume (cell count ϫ average cell volume) to estimate total cellular cAMP concentration.
Measurement of PDE activity. Cyclic AMP PDE activity was measured as detailed previously (68, 87, 88, 99) . Briefly, cells were harvested and homogenized in ice-cold hypotonic buffer containing (in mM) 20 Tris·HCl, 5 MgCl 2, 0.5 EDTA, pH 7.4, with protease inhibitors: 10 M TLCK, 2 M leupeptin, 2 M pepstatin A, 10 M benzamidine, 2,000 units aprotinin/ml. Cells were homogenized and aliquots were assayed for PDE activity using 0.01-5 M [
3 H]cAMP as a substrate. Protein concentrations were determined using protein assays (Bio-Rad) with BSA as a standard.
Confocal microscopy. PMVECs were cultured to confluence on 25-mm glass coverslips. Cells were labeled with calcein green AM (4 M, 20 min), wheat agglutinin Alexa Fluor 647 (10 g/ml, 5 min) and DRAQ5 (50 M, 20 min) and washed twice with phosphate-buffered saline before imaging. A series of images were captured at 0.2-m intervals (z-stack) at excitation and emission wavelengths of 488 and 510 nm (calcein green), and 647 and 700 nm (wheat agglutinin 647 and DRAQ5) using either a Leica TCS SP2 or Nikon A1R confocal microscope.
Model description. Simulations of cAMP signaling within PMVECs were run using the Virtual Cell environment. The Virtual Cell environment offers a structured platform for the development of mathematical descriptions of biological systems. Here we have utilized this environment to model the synthesis, hydrolysis, diffusion, and buffering of cAMP within the geometry of a cultured PMVEC from a confluent monolayer as well as in other idealized geometries, including a geometry based on measurements of cell thickness and aspect ratios from ex vivo pulmonary endothelial cells (30) . Geometric parameters are listed in Table 1 . The spatial distribution of cAMP within these geometries was governed by a set of differential equations that were solved using the finite volume solver available within the Virtual Cell environment (38, 78, 79) . The models described in the present study, "PMVEC cAMP model" and "PMVEC cAMP model with point source," are accessible at the Virtual Cell web site, www.vcell.org/ vcell_models/published_models.html, under share models/wfeinstein. Initial conditions were obtained by running simulations to equilibrium with a basal AC activity level of 60 cAMP·min Ϫ1 ·AC Ϫ1 and PDE activity as described below. Under these conditions, basal cAMP levels were ϳ50 nM. Forskolin-mediated stimulation of cAMP synthesis was treated as a step increase in AC activity from basal levels to activated levels of 1,200 cAMP·min Ϫ1 ·AC Ϫ1 . In all simulations, PMVEC, cultured pulmonary microvascular endothelial cell. Idealized pulmonary endothelial cell (IPEC) geometry is based on images of ex vivo vascular preparations. Expanded pulmonary endothelial cell (ExPEC) geometry is an expanded version of the idealized pulmonary cell such that its volume is similar to that of the PMVEC. *Simulations in which either adenylyl cyclase or phosphodiesterase activities were localized within a single subcellular location (Figs. 6 and 7) required an increased number of mesh nodes (150 ϫ 100 ϫ 60).
AC was localized to the plasma membrane with a cellular concentration of 7.06 nM, unless otherwise specified. This level of AC activity within a cell was estimated from the rate of forskolin-induced cAMP accumulation as described in RESULTS. PDE was treated as a Michaelis-Menten enzyme with a K m of 2 M and a maximal cAMP turnover rate of 100 s Ϫ1 , unless indicated otherwise. To examine the effects of subcellular localization of PDE activity on the spatial spread of cAMP, PDE activity was uniformly distributed within either the subplasmalemmal region, the cytosol, or the perinuclear region, as indicated. Sequestering PDE activity to three distinct distributions allowed us to investigate potential contributions of localized PDE activity to cAMP compartmentalization. In a subset of simulations, AC or PDE activity was concentrated at discrete subcellular locations.
Buffering of cAMP (e.g., cAMP binding to PKA) was described by a mass action equation with k 1 ϭ 0.013 M/s and kϪ1 ϭ 0.006 s -1 , yielding a KD ϳ 0.46 M or k1 ϭ 0.06 M/s and kϪ1 ϭ 0.006 s -1 , yielding a KD of 0.1 M. This allowed us to examine the effects of different buffer affinities on the spatial distribution of cAMP signals. cAMP buffers were uniformly distributed in the cytosol at indicated concentrations. A complete list of parameter values and parameter descriptions as well as relevant references is given in Table 2 . The maximal time step was 0.1 s. To ensure simulation accuracy, simulation results were compared with those run with finer mesh size and smaller time steps. Mesh size, maximal time step, and tolerances were adjusted as necessary. All results are from simulations run in three dimensions.
RESULTS
Recent studies have deduced that specificity within the cAMP signaling pathway is achieved, at least in part, by the compartmentalization of cAMP signals to discrete regions of the cell (8, 11, 18, 33, 36, 51, 66, 67, 70, 76, 77, 89) . Several cellular mechanisms have been proposed to contribute to cAMP compartmentalization including the following: localization of PDE activity, localization of AC activity, cell shape, cAMP buffering, and restrictions on the effective cAMP diffusion coefficient caused by the local cellular environment (36, 37, 54, 56, 66, 71) . Here, we utilize mathematical models of cAMP production, hydrolysis, buffering, and diffusion to investigate potential contributions of these mechanisms to cAMP compartmentalization within PMVECs. Model details are described in MATERIALS AND METHODS.
We initially determined the geometry of individual PMVECs from largely confluent monolayers for use in subsequent simulations. The geometry of cultured PMVECs was estimated by three-dimensional reconstruction of image stacks obtained using confocal microscopy. The plasma membrane, nucleus, and cytosolic space were labeled with wheat agglutinin Alexa Fluor 647, DRAQ5, and calcein green AM, respectively (Fig. 1, A and B) .
Cytosolic volume, cellular surface area, nuclear volume, and nuclear surface area were estimated based upon reconstructions of image stacks (Fig. 1) (Fig. 1C) . Figure 1D shows that the cell geometry chosen for subsequent simulations had the expected "fried egg" appearance of cultured PMVECs.
Results presented herein are from simulations of cAMP signaling in a three-dimensional cell. However, it is difficult to portray four-dimensional data (X, Y, Z, and time). Here, we have used two approaches to represent simulation results. In the first approach, simulation results are presented as the time course of cAMP signals at three distinct subcellular locations (at the plasma membrane, within the bulk cytosol, and in the perinuclear space, indicated by blue, red, and green circles, respectively) from a horizontal plane of the cell ( Fig. 1 , E and F). This approach simplifies the display of four-dimensional data while allowing accurate assessment of the time course and amplitudes of cAMP signals at different locations within the cell. In the second approach, simulation results are presented as the difference between the maximum and minimum cAMP levels within the cell, normalized to the maximum cAMP level (e.g., Fig. 4 ). This approach allows convenient display of spatial differences in agonist-induced cAMP levels caused by systematic changes in model parameters (e.g., the K m of PDE activity).
We next measured the time course of forskolin (10 M)-induced cAMP accumulation in PMVECs pretreated for 10 min with either vehicle control (DMSO) or the PDE4-specific inhibitor rolipram (10 M) because PMVECs primarily express PDE4 (99). In the absence of PDE inhibitors, forskolininduced cAMP accumulation reached a plateau within 10 min. However, in the presence of rolipram, cAMP continued to accumulate for 20 min. (Fig. 2A) . Similar results were observed in cells pretreated with both rolipram (10 M) and the nonspecific PDE inhibitor IBMX (500 M, data not shown). The time frame of cAMP accumulation is consistent with the time frame in which PKA phosphorylates near-membrane targets in several cellular systems (8, 68, 74) . To constrain subsequent models, we estimated the total PDE activity in PMVECs (Fig. 2B ). Data fits were made using standard curve fitting approaches and the least squared error criteria. On the basis of these fits, we estimated the maximal PDE4 activity in PMVECs to be ϳ26 M/min, consistent with previous studies We then modeled the effects of altering the subcellular distribution and kinetics of PDE activity on cAMP gradients. These simulations were conducted with an effective cAMP diffusion coefficient of 300 m 2 /s, which is the effective diffusion coefficient of cAMP in bulk cytoplasm (2, 15, 47) . Initial simulations used PDE activity with a K m of 2 M and a maximal cAMP turnover rate of 100 s Ϫ1 . PDE activity was uniformly distributed within either the subplasmalemmal region, the cytosolic region, or the perinuclear region (Fig. 3A) . Fig. 1 . Geometry of cultured pulmonary microvascular endothelial cells (PMVECs). Geometries were based on measurements of a series of slices (z-stacks, confocal microscopy). A: wheat agglutinin Alexa Fluor 647 and DRAQ5 were used to label plasma membranes and nuclei of confluent PMVEC monolayers. B: calcein green was used to label the intracellular space. C: the distribution of dimensions for individual PMVECs. Cytosolic volume was estimated as the intracellular volume minus the nuclear volume. D: three-dimensional geometry of the cultured PMVEC used in subsequent simulations (cell indicated by gold rectangle in A). This cell had average volume, surface area, nuclear volume, and nuclear surface area (indicated in red symbols in C). E: an individual slice through this cell from which results of subsequent simulations are displayed. All simulations were run in three dimensions. F: to simplify the representation of four-dimensional data, we present the time course of cAMP signals at three distinct subcellular locations within the plane depicted in E: at the plasma membrane, within the cytosol, and in the perinuclear space, indicated by the blue, red, and green circles, respectively. Regardless of the subcellular distribution of PDE activity, the time course of cAMP signals was nearly identical throughout the cell and little or no cAMP gradients were observed. These simulations indicate that in the absence of other contributing factors, the levels of PDE4 activity observed in PMVECs are unlikely to facilitate substantial cAMP gradients.
Several studies have presented data that are consistent with the hypothesis that the effective diffusion coefficient of small molecules (including cAMP) is lower than would be expected in cytosol (5, 9, 20, 42, 44, 48, 49, 55, 61, 66) . Thus, we examined the effects of altering the subcellular distribution of PDE activity in simulations in which the effective diffusion was reduced 10-to 1,000-fold (Fig. 3, B-D) . When PDE activity was constrained to the subplasmalemmal region, relatively small cAMP gradients were observed, even when the effective diffusion coefficient was reduced 1,000-fold. The cAMP gradients that were observed were primarily due to a reduction in the effective diffusion coefficient, not membranelocalized PDE activity. This result was not surprising given that PDE was effectively colocalized with AC. However, when PDE activity was distributed throughout the cytosol or constrained to the perinuclear region, and the effective cAMP diffusion coefficient was reduced 100-fold, substantial differences in cAMP levels were observed at the three indicated subcellular locations, indicating the formation of substantial cAMP gradients.
We next sought to assess the effects of altering the affinity of PDEs for cAMP on cAMP gradients. The magnitude of cAMP gradients is presented as the maximum cAMP level minus the minimum cAMP level normalized to the maximum cAMP level 5 min following activation of AC (Fig. 4) . We observed that increasing the affinity of PDEs for cAMP had little effect on cAMP gradients when the effective diffusion coefficient was 300 m 2 /s, but it had substantial effects on cAMP gradients at effective diffusion coefficients of 3 and 0.3 m 2 /s. These simulations indicate that without other contributing factors, the activities of high-affinity PDEs such as PDE3 and PDE7 are not sufficient to generate physiologically significant cAMP gradients in pulmonary endothelial cells.
Computational studies have demonstrated that high PDE levels can contribute to cAMP gradients when the effective cAMP diffusion coefficient is ϳ300 m 2 /s (40, 54, 56, 73) . These computational studies are conceptually consistent with experimental studies that demonstrated that high levels of PDE activity generate cGMP gradients in retinal rod outer segments (12) . Thus, we sought to determine whether our models of PMVECs were consistent with previous models. As would be expected, increasing either PDE or AC activities alone significantly altered the amplitude of total cAMP accumulation (not Fig. 3 . Simulations depicting the effects of subcellular PDE distribution on spatial spread of cAMP signals. The time course of agonist-induced cAMP accumulation at three subcellular locations, the plasma membrane (blue line, a), the cytosol (red line, b), and the perinuclear region (green line, c), as depicted in Fig. 1F , is shown. In these simulations, adenylyl cyclase (AC) activity was uniformly distributed along the plasma membrane; PDE activity was distributed uniformly in either the subplasmalemmal, cytosolic, or perinuclear regions (left, center, and right columns, respectively); and the effective cAMP diffusion coefficient (D) was 300, 30, 3, and 0. shown). Increasing both AC and PDE activities in parallel caused a substantial acceleration of the overall kinetics of the cAMP response (Fig. 5A ) and an increase in cAMP gradients evaluated 5 min after AC activation (Fig. 5B) . However, the levels of AC and PDE required to generate biologically significant gradients, i.e., cAMP levels high enough to activate PKA in one region of the cell without activating PKA in the rest of the cell, were only achieved at AC and PDE activities 100-to 500-fold greater than those measured in PMVECs.
To further explore potential contributions of localized PDE activity to the generation of cAMP gradients, we modeled PDE activity at a discrete point within the cell. This is analogous to the binding of PDE4 to scaffolding domains such as A kinase anchoring proteins (AKAPs) (22, 35, 95) . In these simulations, the total number of PDEs (and therefore the maximal PDE activity) remained constant, and only the distribution changed. For example, if 100 PDEs were localized within the point source, then 4,900 PDEs were uniformly distributed within the cytosol; if 1,000 PDEs were localized to a single location, then 4,000 were uniformly distributed within the cytosol. AC activity was uniformly distributed along the plasma membrane, and the effective cAMP diffusion coefficient was 300 m 2 /s. Interestingly, when all of the PDE activity was localized into one point, the minimum cAMP level was only 21% lower than the maximum level 5 min after AC activation (Fig. 6) . When the localized PDE activity was further increased or the effective diffusion coefficient was lowered, localized PDE activity was able to generate substantial cAMP gradients (Fig. 6B) .
In the simulations presented above, AC activity was assumed to be uniformly distributed throughout the plasma membrane. However, PMVECs primarily express AC6 (16, 82) , a Ca 2ϩ -inhibitable AC that localizes within caveolae (25, 26, 58, 62, 74) . Caveolae are flask-shaped invaginations of the plasma membrane ranging in diameter from 50 to 150 nm (3) that allow clustering of proteins such as G protein-coupled receptors and AC to discrete domains within the plasma membrane (39, 58) . Thus, we sought to simulate the effects of localizing AC activity to discrete regions of the plasma membrane. In these simulations, basal AC activity was uniformly distributed throughout the plasma membrane (as in the simulations described above), and agonist-stimulated AC activity was treated as an isolated point source and uniformly distributed along the plasma membrane. The maximal AC activity was held constant (e.g., 1,000 AC localized to the point source and 11,000 uniformly distributed along the plasma membrane). PDE activity was uniformly distributed throughout the cytosol, and the effective cAMP diffusion coefficient was 300 m 2 /s. When 100 ACs (ϳ0.7% of the AC activity that was estimated in PMVECs) were localized within a 100-nm square region of the plasma membrane-similar to the packing of acetylcholine receptors within the electric organ of Torpedo marmarota (31)-only small cAMP gradients were produced within 5 min of AC activation (Fig. 7B) . As the rate of cAMP production from the point source was increased, larger cAMP gradients were observed. At the point when all of the AC activity in the cell was localized to a single point, large cAMP gradients were observed within the cell. Reduction in the effective cAMP The open circle depicts estimated AC and PDE activities from cultured PMVECs. In these simulations, AC activity was uniformly distributed along the plasma membrane, PDE activity was distributed throughout the cytosol, and the effective cAMP diffusion coefficient was 300 m 2 /s. AC and PDE activities are as indicated. Fig. 6 . Effects of localized PDE activity on cAMP gradients. In these simulations a subset of PDE activity was concentrated at a specific subcellular location (a point sink) while total cellular PDE activity remained constant. For example, if 100 PDEs were localized within the point source, then 4,900 PDEs were uniformly distributed within the cytosol; if 1,000 PDEs were localized to a single location, then 4,000 were uniformly distributed within the cytosol. AC activity was evenly distributed along the plasma membrane. A: simulated distribution of cAMP within a PMVEC when the total cellular PDE activity (295 nM/s) was sequestered into one location. D ϭ 300 m 2 /s. B: effects of increasing localized PDE activity (while total cellular PDE activity remained constant) on normalized differences between maximum and minimum cAMP levels at effective cAMP diffusion coefficients of 300 (), 30 (), and 3 m diffusion coefficient increased the magnitude of cAMP gradients at all levels of AC activity (Fig. 7B) .
The simulations presented in Fig. 7 examine the effects of localizing AC activity to discrete points at the plasma membrane. While this is a reasonable approximation for the distribution of endogenous AC6 (16, 82) , it is not representative of the endogenous soluble AC (sAC) or the pathological situation in which cells exposed to Pseudomonas aeruginosa are intoxicated with the secreted exotoxic AC, ExoY (77) . To better describe the contributions of sAC constructs to cAMP compartmentalization, we ran a series of simulations in which AC was uniformly distributed at the plasma membrane, in the cytosol, or in the perinuclear space. In each case, total AC activity remained constant and PDE activity was uniformly distributed within the cytosol. Regardless of AC localization, little or no cAMP gradients were observed when the effective cAMP diffusion coefficient was 300 or 30 m 2 /s (Fig. 8, A and  B) . However, when the effective diffusion coefficient was reduced to 3 or 0.3 m 2 /s, substantial cAMP gradients were observed (when AC was localized to either the plasma membrane or the perinuclear space) (Fig. 8, C and D) . Thus, simulations presented to this point indicate that differential localization of AC and PDE activities can indeed contribute to cAMP gradients, but only when either high levels of AC and PDE activity are present or when the effective cAMP diffusion coefficient is at least 100-fold lower than that measured in salt water.
Several mechanisms can contribute to a reduced effective cAMP diffusion coefficient. They include the buffering of cAMP by binding proteins (e.g., PKA), structural impediments (e.g., diffusion through a cytoskeletal meshwork), and changes in the viscosity of cytoplasm. Here we separate the effects of buffering from other impediments to diffusion. Specifically, we have included known concentrations of a fixed buffer (e.g., PKA bound to AKAPs) with cAMP affinities of 100 or 460 nM uniformly distributed within the cytosol. AC activity was either uniformly distributed along the plasma membrane (Fig. 9A ) or localized to a single point source at the plasma membrane (Fig.  9B) , and PDE activity was uniformly distributed within the cytosol. The simulations clearly demonstrate that when the effective cAMP diffusion coefficient was 300 m 2 /s and AC activity was distributed along the plasma membrane, little or Fig. 1F , is shown. In these simulations, AC activity was uniformly distributed along the plasma membrane, within the cytosol, or in the perinuclear region (left, center, and right columns, respectively); PDE activity was distributed uniformly in the cytosol; and the effective cAMP diffusion coefficient was 300, 30, 3, and 0.3 m 2 /s (A, B, C, and D, respectively). Decreasing the effective cAMP diffusion coefficient D from 300 to 0.3 m 2 /s facilitated the formation of cAMP gradients when AC activity was located at the plasma membrane or in the perinuclear region. no cAMP gradients were generated with high-or low-affinity buffers, even with 100 M cAMP binding protein distributed throughout the cell (Fig. 9A) to 10 5 ions/s, whereas AC produces cAMP at rates on the order of 60 cAMP/s (see Ref. 66 ). Thus we considered the case in which 100 ACs were clustered (e.g., a reasonable upper limit of AC clustering within caveolae) and the effective cAMP diffusion coefficient was 300 m 2 /s. Under these conditions, cAMP gradients were augmented by buffer concentrations Ͼ10 M, with the higher-affinity buffers having a greater effect. Cyclic AMP gradients were further augmented at lower effective diffusion coefficients (not shown).
While the localization of AC and PDE activities, cAMP buffering, and reduction in the effective cAMP diffusion coefficient are likely to contribute to the generation of cAMP gradients, other factors may also be involved. Previous experimental and theoretical studies have deduced that cell shape may slow the spatial spread of second messenger signals such as Ca 2ϩ and cAMP in dendrites and dendritic spines (54, 84, 85) . Here we sought to determine whether cell shape, and more specifically S/V ratio, contributed to the generation of cAMP gradients in PMVECs. We examined the effects of cell shape in four different geometries (Fig. 10A ): 1) a spherical cell with a S/V ratio ϭ 0.39 m Ϫ1 , 2) a cultured PMVEC with a S/V ratio ϭ 0.74 m Ϫ1 (described above), 3) an idealized pulmonary endothelial cell based on ex vivo volume and surface area measurements from intact segments of the pulmonary vasculature with a S/V ratio ϭ 7.37 m Ϫ1 (30) , and 4) an idealized pulmonary endothelial cell that was expanded to the volume of cultured PMVECs, with S/V ratio ϭ 8.21 m
Ϫ1
. The idealized pulmonary endothelial cell has an exquisitely thin region (Fig.  10A , indicated in gray) that represents observed changes in endothelial cell thickness in ex vivo lung preparations (30) . In these simulations, AC and PDE activities were uniformly distributed along the plasma membrane and throughout the cytosol, as described above.
In cells with a low S/V ratio (the spherical cell and cultured PMVEC), no substantial cAMP gradients were observed when Fig. 9 . Effect of cAMP buffering on the spatial spread of cAMP signals. Normalized differences between maximum and minimum cAMP levels were evaluated in simulations that included cAMP buffering proteins, with KD ϭ 460 nM () or KD ϭ 100 nM (□). Buffering proteins were fixed and uniformly distributed within the cytosol. A: cAMP differences occurring when AC activity was uniformly distributed along the plasma membrane. B: cAMP differences occurring when AC activity was localized to a discrete location. PDE activity was evenly distributed in the cytosol, and the effective diffusion coefficient was 300 m 2 /s. Simulations were evaluated 1 min following AC activation. the effective cAMP diffusion coefficient was 300, 30, or 3 m 2 /s (Fig. 10, B-D) . However, when the effective cAMP diffusion coefficient was lowered to 0.3 m 2 /s, cAMP gradients were apparent (Fig. 10E ). In cells with higher S/V ratios, substantial cAMP gradients were observed when the effective cAMP diffusion coefficient was 30 m 2 /s. This was particularly notable in the thin region of the idealized pulmonary endothelial cell. In this region the S/V ratio was increased, thus increasing the ratio of cAMP synthesis to cAMP hydrolysis (AC activity/PDE activity) and local cAMP concentration. The magnitude of cAMP gradients further increased as the effective diffusion coefficient was reduced. These results are consistent with previous studies indicating that cell shape (and S/V ratio) can impact the localization of cAMP signals (54) .
The simulations presented thus far were designed to look at the effects of specific components that could underlie compartmentalized cAMP signals in PMVECs. On the basis of these simulations and measured values of total cellular cAMP accumulation and PDE activity, we propose a plausible model for the spatial spread of cAMP signals in cultured PMVECs. In this model, AC activity was sequestered into 100 point sources (analogous to 100 caveolae); PDE activity was distributed between the plasma membrane (30%), cytosol (50%), and perinuclear region (20%); and 1 M high-affinity cAMP buffer (K D ϭ 100 nM) was uniformly distributed in the cytosol. Simulations of this model suggest that substantial cAMP gradients begin to form when the effective cAMP diffusion coefficient is Ͻ3 m 2 /s (Fig. 11) , consistent with the simulations presented above. On the basis of these simulations, we feel that a reasonable effective cAMP diffusion coefficient would be ϳ2 m 2 /s. Under these conditions, cAMP gradients would be generated in response to activation of AC (Fig. 12, A  and C) . These gradients would lead to activation of PKA (or EPAC) in the near-membrane region without significant activation of PKA in the cytosolic or perinuclear regions. As such, these results are consistent with previous studies indicating that the production of cAMP in the near-membrane space strengthens endothelial barrier function (16, 76, 77) . Simulations also indicate that inhibition of PDE4 activity with 10 M rolipram [inhibition constant (K i ) ϭ 0.1 M] would allow cAMP levels to increase throughout the cell (Fig. 12, B and D) . These results are consistent with previous studies demonstrating that activation of AC with forskolin and inhibition of PDE4 activity with 10 M rolipram (or a dominant negative PDE4D construct) allow cAMP-mediated regulation of cytosolic (microtubule associated) proteins and subsequent endothelial barrier disruption (19, 74) .
DISCUSSION
Since the discovery of cAMP, investigators have speculated about the nature of mechanisms that underlie specificity within the cAMP signaling pathway (63, 64, 83) . Experimental evidence supporting the hypothesis that cAMP signals are compartmentalized was provided nearly 20 years later (11, 18) . It was another 10 years before cGMP gradients were measured in retinal rod outer segments (12, 29) , and 15 years before cAMP gradients were deduced from the differential activation of discrete pools of PKA within single cells (36) . Even then, the magnitude of restrictions or limits on the spatial spread of cAMP signals was not well understood until quantitative methods for assessing local cAMP concentrations were developed (66, 67) . In the past decade, a variety of studies have provided evidence that both cAMP and cGMP signals are compartmentalized (8, 37, 51, 66, 67, 70, 76, 86, 89, 91) . More recently, data have suggested that gradients in PKA activity may occur at the leading edge of migrating cells (60) . On the basis of work presented in these and other studies, investigators have proposed several mechanisms that may contribute to the compartmentalization of cAMP signals: high cellular levels of AC and PDE activities, localization of AC and PDE activities to discrete regions of the cell, restrictions on cAMP diffusion, cAMP buffering, and cellular shape. However, conceptual models of signaling systems often have underlying assumptions that are not well described. This has hindered our understanding of specificity within the cAMP signaling pathway. Here, we describe mathematical models developed to evaluate the potential contributions of each of these mechanisms to cAMP compartmentalization. Simulations suggest that localization of AC and PDE activities, buffering by PKA, and cell geometry are by themselves insufficient to generate cAMP gradients in cultured PMVECs. Using these models we have examined the interplay between these mechanisms and other potential restrictions on the spatial spread of cAMP. On the basis of both experimental studies of cAMP signaling in PMVECs and model simulations, we conclude that restrictions on the spatial spread of cAMP signals by high concentrations of cAMP buffers, changes in cytosolic viscosity, or structural impediments may facilitate the formation of cAMP gradients. This is in stark contrast to recent modeling studies in which the authors concluded that restrictions on cAMP diffusion are not required for the formation of cAMP gradients (54, 56) . Below we discuss how differences in model assumptions contribute to the disparate conclusions.
Localized AC and PDE activities are unlikely to be solely responsible for cAMP gradients in PMVECs. Recent mathematical descriptions of cAMP signals have relied on high levels of AC and PDE activities to describe cAMP gradients (40, 54, 56) . The authors of these studies in turn concluded that restrictions on cAMP diffusion were not required for the generation of cAMP gradients. The simulations presented here suggest that without high AC and PDE activities, the spatial spread of cAMP must be constrained by other mechanisms.
The assumption of high enzyme concentrations has been justified, at least in part, by the high guanylyl cyclase (GC) and PDE concentrations in rod outer segments (45, 50, 96) . In this system, high enzyme concentrations are capable of generating cGMP gradients (12, 29) . Cyclic GMP gradients in retinal rods are further accentuated by a 10-to 100-fold reduction in the longitudinal cGMP diffusion coefficient, due in part to buffering by the noncatalytic cGMP binding site of PDE6, hindered diffusion or increased tortuosity caused by the structure of the rod outer segment, and possibly, altered viscosity of cytoplasm (57, 92) . While high GC and PDE concentrations have clearly been demonstrated in rod outer segments, they do not necessarily exist in other cell types. For example, estimates of maximal AC and PDE activities in rat ventricular myocytes were ϳ25 and 12 M/min, respectively (62, 65) . These levels are comparable with our estimates of maximal AC and PDE activities in PMVECs of ϳ8.5 and 26 M/min, respectively. Similarly, we estimate that the maximal PDE activity in HEK-293 cells is ϳ30 M/min. However, Oliveira et al. (56) assumed a V max for PDE4 activity 500-to 1,000-fold higher than our measured value, with a similar K m , in their model of cAMP signaling in HEK-293 cells. The use of high AC and PDE activities allowed the formation of cAMP gradients without substantial contributions from buffering or slowed cAMP diffusion. The models presented here also indicate that high AC and PDE activities could form cAMP gradients. It should be noted that phosphorylation of PDE4 by PKA can lead to an increase in PDE activity. We have measured a PKA-mediated, two-to threefold increase in PDE4 activity in both HEK-293 cells and PMVECs (68, 93, 99) . In PMVECs, PKA-mediated phosphorylation also may inhibit endogenous AC6 activity (16) . However, based on our in vitro measurements of cAMP accumulation and PDE activity, it is unlikely that AC and (PKA-stimulated) PDE levels are high enough in PMVECs to generate substantial cAMP gradients in the absence of diffusional restrictions.
High AC and PDE concentrations may occur in other systems, especially in specialized cellular domains such as neuronal processes. Neves et al. (54) recently proposed a model of cAMP signals within hippocampal neurons in which the PDE activity within the processes was set to 480 M/min. It is possible that high levels of PDE activity could be reached within the confined spaces of neuronal processes, although the actual localized enzymatic activity within these spaces has not been measured.
Subcellular localization of AC and PDE activities. Early studies indicated that ACs are localized within spatially isolated regions of cells such as olfactory cilia and neuronal synapses (52, 59) . These observations led to the suggestion that the subcellular localization of AC activity is an important component in signaling specificity. Subsequent studies have demonstrated that AC activity is both physically and functionally sequestered within distinct regions of the plasma membrane, e.g., caveolae (16, 24, 58, 74, 80) . Recent evidence indicates that ACs are also localized via binding to protein scaffolds such as A kinase anchoring proteins (AKAPs) (23) . The functional importance of AC localization has been clearly demonstrated in PMVECs (74, 76, 77) . In these cells, activation of either endogenous or heterologously expressed, plasma membrane resident ACs facilitates endothelial barrier enhancement. In contrast, activation of soluble ACs-whether endogenous sAC, bacterial exotoxin ExoY, or heterologously expressed, forskolin-activated, soluble AC-triggers endothelial barrier disruption (75) (76) (77) . These observations are analogous to the segregated cGMP signals observed upon activation of soluble or particulate GC (13, 61, 100) . The simulations presented here demonstrate that localized AC activity can indeed facilitate the generation of cAMP gradients. However, the gradients only become physiologically relevant when other factors, such as buffering and additional restrictions on cAMP diffusion, contribute to the localization of cAMP signals.
Similarly, specific PDE subtypes bind to different scaffold proteins, have distinct subcellular localizations, and regulate specific cellular functions (1, 4, 8, 22, 46, 51, 69, 70, 86, 95) . As such, PDE activity is likely a critical factor in determining specificity within the cAMP pathway. Yet, the simulations presented herein indicate that the maximal PDE activities in PMVECs are unable to generate physiologically meaningful cAMP gradients without other contributing factors. This observation held true even when all cellular PDE activity was concentrated at a single location.
Hindered cAMP diffusion. Several studies have provided data consistent with the hypothesis that the concentrations of small diffusible molecules, including cAMP, cGMP, ATP, and Na ϩ , are significantly different in the near-membrane space than in other cellular locations (5, 9, 20, 44, 61, 66, 67 ). This reduction in the effective diffusion coefficient is far greater than had been assessed to steric hindrance due to intracellular structures (48, 49, 55) . The reasons for these differences have not yet been determined. However, on the basis of the activities of the enzymes involved, it seems likely that the effective diffusion coefficients of these molecules are lower than would be expected. Reduction in the effective diffusion coefficient may occur due to several factors, including structural impediments to diffusion, local changes in viscosity, electrostatic effects, and buffering (discussed below). Structural impediments that may hinder the spatial spread of small molecules include organelles, clustered proteins, cytoskeletal networks, and the F-actin cortical rim. Structural components may also alter the local electrostatic environment and local viscosity, e.g., F-actin gelation (10, 34, 97) . The extent to which structural elements reduce the effective cAMP diffusion coefficient is not known and may well depend on cell type (42, 48, 49, 55) .
In the models presented here we have assumed that the effective cAMP diffusion coefficient is uniform throughout the cell. This allowed an assessment of mechanisms that may affect the spatial spread of cAMP. However, it should be noted several studies have concluded that reductions in the effective diffusion coefficient may be more prominent between the near-membrane space and bulk cytosol than within the bulk cytosol (33, 66, 67, 73, 89) . This may explain the success of compartmental models in describing the physiological effects of localized cAMP signals (33, 61, 66, 67, 71, 73) .
Cyclic AMP buffering. While contributions of both structural impediments and changes in cytosolic viscosity to the overall reduction in the effective cAMP diffusion coefficient have been difficult to estimate, the contributions of cAMP buffering by known buffering proteins are more easily assessed. Cyclic AMP is believed to bind primarily to effector proteins including PKA, protein kinase G (PKG), exchange protein activated by cAMP (EPAC), noncatalytic binding sites of PDEs, cyclic nucleotide-gated channels, as well as other ion channels. In most cell types, these proteins are low affinity (K D Ͼ 5 M), low abundance (cellular concentrations Ͻ 1 M), or both. Of these, the regulatory subunit of PKA is the most likely to contribute significantly to buffering due to its relatively high cellular concentration of cAMP binding sites, typically 1 to 2 M, and apparent cAMP binding affinity, typically between 0.1 and 1 M (7, 27). On the basis of the simulations presented in Figs. 9 and 12, PKA buffering has little effect on cAMP gradients without contributions from other factors. As such, these simulations are consistent with our previous conclusion that buffering by known cAMP effectors is insufficient to account for the slow spatial spread of cAMP within cells (66, 67) . These simulations are also consistent with the simulations of cAMP signaling in cardiac myocytes presented by Saucerman et al. (73) , in which both cAMP buffering by PKA and reductions in the effective diffusion coefficient were required to describe functional differences between isoproterenol-and prostaglandin-induced cAMP signals.
Cellular shape. The relationship between cellular S/V ratio and enzyme activity (higher S/V ratios allow greater concentrations of plasma membrane-associated enzymes with respect to cell volume) has been well established (e.g., see Ref. 90) . Recent studies have found that this is also true for neuronal processes including retinal rod outer segments, olfactory cilia, and dendritic spines (28, 43, 50, 84, 85, 96 ). More recently, Neves et al. (54) investigated the effects of cell shape, including S/V ratio, on information flux through signaling cascades in dendrites. Their simulations demonstrate that as the S/V ratio is decreased, due to an increase in the diameter of an idealized dendrite, signal gradients collapsed. These studies highlight the importance of overall cell shape. However, local cell shape may also impact second messenger gradients. For example, the sequestration of signaling proteins such as AC may not be the only effect caveolae have on compartmentalized cAMP signals. The shape of caveolae, especially when in clusters, may facilitate signal localization by reducing the space into which cAMP can diffuse. Similarly, neuronal processes may form a type of diffusional hindrance, in effect forcing cAMP to diffuse in one dimension (e.g., through the dendrite). The simulations presented here also demonstrate that the S/V ratio does indeed affect the ability of cAMP to accumulate in localized regions of the cell. This was particularly true in the idealized pulmonary endothelial cell, a cell with a region of reduced thickness (30 nm) in which cAMP accumulated to higher levels than in the rest of the cytosolic space (Fig. 10) .
Comparison of model simulations with experimental observations. It has been observed that cAMP produced in different subcellular compartments of PMVECs causes distinct physiological effects. Cyclic AMP produced at the plasma membrane triggers an increase in endothelial barrier integrity; whereas, cAMP produced in the cytosol triggers a reduction in endothelial barrier integrity in both cultured endothelial monolayers and intact lung vasculature (76, 77, 82) . In addition, activation of endogenous, plasma membrane-localized AC leads to phosphorylation of near-membrane cytoskeletal proteins such as filamin, but not phosphorylation of cytosolic proteins, such as tau. Conversely, activation of soluble ACs leads to phosphorylation of cytosolic proteins such as tau, but not near-membrane proteins such as filamin (19, 74) . These experimental observations support our simulation results, suggesting that activation of plasma membrane-localized AC leads to formation of cAMP gradients that trigger near-membrane PKA activity without substantial increases in PKA activity in other regions of the cell only when the effective cAMP diffusion coefficient is below ϳ3 m 2 /s (Figs. 3, 8, 11 , and 12). Conversely, our model suggests that activation of AC localized in the perinuclear region would trigger cytosolic PKA activity, but not near-plasma membrane PKA activity (Fig. 8) .
It has also been observed that, in PMVECs, inhibition of PDE4 activity allows cAMP produced at the plasma membrane to disrupt endothelial barrier integrity and to trigger tau phosphorylation. This is presumably due to the inappropriate spatial spread of cAMP from the near-membrane space into the bulk cytosol. These observations also support the models presented here (Figs. 11 and 12) . Interestingly, simulations of these models suggest that while PDE activity alone is insufficient to generate cAMP gradients in PMVECs, PDE activity is required for the formation of cAMP gradients. As such, these models are consistent with observations demonstrating the importance of PDE activity in the localization of cyclic nucleotide signals (6, 8, 19, 36, 61, 66, 67, 70) .
Recent studies have demonstrated that disease states such as acute lung injury and asthma cause changes in enzyme localization, enzyme activity, and cell shape. Prolonged treatment with pharmaceutical agents can similarly cause multiple changes to cellular systems. Mathematical models offer the unique ability to isolate the effects of individual parameters on a specific outcome-here we describe the effects of enzyme activity, enzyme localization, cellular shape, and effective diffusion coefficient on cAMP gradients-in a manner that is not readily possible experimentally. For example, it is difficult to predictably alter the subcellular localization of PDE4 without impacting a multitude of cellular processes. The situation becomes more complicated when altering the effective cAMP diffusion coefficient. We have attempted to do this using cytochalasin D to disrupt the F-actin cortical rim. In these experiments, we observed that the lowest concentration of cytochalasin D that would disrupt the cortical rim would also cause cell rounding, lower both AC and PDE activities, and most likely alter AC and PDE localization as well as the effective cAMP diffusion coefficient. These observations illustrate that pharmacological manipulations of enzyme activity often trigger multiple specific and nonspecific cellular responses.
A limitation of most models describing signaling systems, including the models presented here, is that the experimental observations used to constrain models of cellular signaling systems are based on in vitro cultured cell preparations. While it is often necessary to measure enzyme kinetics and localization as well as the signals themselves in vitro, it is often unclear whether the basic conclusions of experimental or modeling studies can be extrapolated to in vivo systems. It is possible, even likely, that enzyme activity, localization, and even isoforms can vary between in vitro and in vivo systems. Cell shape can also be markedly different (see Fig. 10 ). And the differences do not end there. For example, the models presented here assume that cell shape and effective cAMP diffusion coefficient are constant within the time frame of the signals. These assumptions are unlikely true in vivo. Recent studies by Fredberg and colleagues have suggested that, in response to stretch, both smooth muscle and endothelial cells undergo rapid fluidization of the F-actin network followed by slower resolidification (14, 41) . Fluidization of the F-actin network was accompanied by increased macromolecular mobility. Thus, in cells of the lung, which undergo cyclic stretch, both cell shape and viscosity are likely to change with time.
However, even with these limitations, the mathematical models presented here provide a framework with which we can interpret both in vitro and in vivo data. The models suggest that while the differential localizations of AC and PDE activities are required to generate cAMP gradients, they are by themselves insufficient to generate cAMP gradients (except when cyclase and PDE activities are high, e.g., rod outer segments). Taken together, the results presented here also suggest that the localization of AC, PDE, PKA, and target proteins (e.g., the L-type Ca 2ϩ channel) alone is insufficient to ensure signaling specificity within cells. Cell shape, buffering, and other factors that slow the spatial spread of cAMP are necessary to localize the cAMP signals themselves.
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